Salmonellas are members of the Enterobacteriaceae. Based on somatic, flagellar, and capsular antigen types, over 2,000 serotypes of Salmonella have been classified. Among these, S. enterica subsp. enterica serotype Enteritidis (also known as Salmonella Enteritidis) is the most common causative agent of foodborne salmonellosis. In addition, S. Enteritidis has been recognized as a major cause of all foodborne diseases due to pathogenic bacteria. [1] [2] [3] Salmonella infection in humans mainly results from consumption of contaminated foods, especially ones of animal origin, including pork, beef, chicken, egg, and milk. Foodborne salmonellosis is characterized by gastrointestinal disorders manifested predominantly by diarrhea and abdominal cramps.
Since the disease not only affects people's health and well-being, but also has an economic impact on individuals and countries, many efforts have been spent to find approaches to reduce or eliminate Salmonella that contaminates foods. The addition of antimicrobial substances to foods can be used to improve the safety of foods. Plants and plant products represent a source of natural antimicrobial substances to be used in foods because many of them have been part of the human diet for hundreds of years, and have been reported to possess antimicrobial activity. 4) Essential oils are aromatic oily liquids obtained from many parts of plants, including the flowers, buds, seeds, leaves, twigs, bark, wood, fruit, and roots. Although many methods have been used to obtain essential oils from plant materials, the most commonly used method is steam distillation. Some essential oils have long been recognized to possess antimicrobial properties. [5] [6] [7] Research on the use of essential oils to control populations of foodborne pathogenic bacteria is increasing. Many of these oils have promising ability to reduce bacteria both in vitro and in foods. [7] [8] [9] [10] These data encouraged us to search for a potential essential oil to control S. Enteritidis in food.
In this study, nine essential oils extracted from herbs and spices normally used in Thai foods were evaluated for antimicrobial activity against one reference and five clinical strains of S. Enteritidis. The most active one was further studied for its composition and its potential to serve as an antimicrobial agent when applied to food experimentally contaminated with S. Enteritidis.
Materials and Methods
Bacterial strains and culture conditions. A total of six strains of S. Enteritidis were included in the study. One of them was a reference strain obtained from the American Type Culture Collection (ATCC), S. enterica subsp. enterica serovar Enteritidis ATCC 10708. The other bacteria were clinical strains, SE1 to SE5. The identities of the bacterial strains were confirmed by polymerase chain reaction using two primers, 5 0 CTTTGGTCATAAAATAAGGCG3 0 and 5 0 TGCCCAAAGCAGA-GAGCTTC3 0 , following the method described by Minami et al.
11)
These primers are specific for the Salmonella enterotoxin (stn) gene. The expected size of the PCR product was 260 bp. All the bacteria used in this study were grown at 37 C in BHI (brain heart infusion) broth. Bacterial stock cultures were stored as frozen cultures at À80 C in BHI broth containing 20% glycerol v/v. Throughout the experiments, the strains were subcultured every 2 weeks on BHI agar and kept at 4 C. Before use, liquid cultures prepared from a single colony were transferred twice into fresh BHI broth and incubated at 37 C for 24 h.
Preparation of essential oils. The plants used are listed in Table 1 . All of them were purchased from an herb shop, Ban Samunprai, in Pranakorn, Bangkok, Thailand. They were sold as dried materials with identification certificates approved by the Royal Forest Department, Bangkok. Plant essential oils were prepared by steam distillation. Two hundred g of each sample was cut into small pieces and homogenized in 200 ml of distilled water using a blender. The homogenate was y To whom correspondence should be addressed. Tel: +66-45-288380; Fax: +66-45-288389; E-mail: rattanachaikunsopon@yahoo.com subjected to essential oil extraction using a vertical steam distillation unit. The extracted essential oil was kept in a dark bottle and stored at 4 C until use. The yield of each essential oil is presented in Table 1 .
Antimicrobial activity testing. The antimicrobial activity of each essential oil against S. Enteritidis was evaluated by the swab paper disc method, 12) with some modifications. Bacterial culture (0.2 ml, 10 5 CFU/ml) was spread with a sterile swab on BHI agar, and then sterile filter paper discs 6 mm in diameter (Schleicher & Schuell, Dassel, Germany) were placed on the agar. Each essential oil was dissolved in 10% aqueous dimethylsulfoxide (DMSO) supplemented with 0.5% Tween 80 at a ratio of 1:1 and sterilized by filtration through a 0.45-mm membrane filter. Thirty ml of the essential oil was spotted on the paper disc. Aqueous dimethylsulfoxide (DMSO) supplemented with 0.5% Tween 80 was used as a control. After incubation at 37 C for 24 h, the diameter of each growth-free zone around the disc was measured and the diameter of the paper disc subtracted, giving the size of each inhibition zone beyond the paper disc. Studies were performed in triplicate.
Minimal inhibitory concentration (MIC) assay. The MICs of the essential oils for the inhibition of S. Enteritidis were determined by the agar dilution method as described by Prudent et al., 13) with some modifications. A series of 2-fold dilutions of each oil, ranging from 10 to 1,280 mg/ml, was prepared in BHI agar supplemented with 0.5% v/v Tween 80. The plates were dried at room temperature for 1 h prior to spot inoculation with 3-ml aliquots of culture containing approximately 10 5 CFU/ml of S. Enteritidis. The inoculated plates were incubated at 37 C for 24 h, and the MIC was determined. The experiments were carried out in triplicate. Inhibition of bacterial growth on the plates containing the tested oil was judged by comparison with growth on blank control plates. The MICs were determined as the lowest concentration of oil inhibiting visible growth of the organism on the agar plate.
Identification of essential oil components. The essential oil components were analyzed on a Finnigan Trace GC-Polaris Q mass instrument (Finnigan-Spectronex, Thermo, San Jose, CA), equipped with a fused silica column (30 m Â 0:25 mm i.d.), and coated with DB-5MS (df ¼ 0:25 mm). Mass spectra were recorded over a 50-650 amu range at 1 scan/s, with an ionization energy of 70 eV and an ion source temperature of 200 C. Helium was the carrier gas, at a flow rate of 1 ml/min. The injector temperature was maintained at 250 C. One ml of cinnamon oil solution in ethyl acetate (1:100 v/v) was injected at a 1:10 split ratio. The essential oil was held at 60 C for 1 min, raised to 200 C at a rate of 3 C/min, and held for 10 min. Identification of individual compartments was done using the Wiley/NBS Registry of the Mass Spectral Database and NIST MS search, the literature, 14) and authentic reference compounds. The quantity of the compounds was obtained by integrating the peak area of the spectrograms.
Examination of antimicrobial activity of basil oil in food. Nham was used as the food model in this study because it has a tendency to be contaminated with foodborne pathogens and is often consumed raw. 15) Four hundred g of food sample was prepared by mixing the ingredients, ground pork (62.5%), boiled, sliced pork rinds (27.5%), salt (2.5%), sugar (2.5%), and ground roasted rice (10%). The resulting mixture was divided into two groups of four samples (50 g each). Four different concentrations of basil oil (0, 50, 100, and 150 ppm) were added separately to the 50-g samples of both groups of food. To ensure a homogeneous distribution of basil oil in the food, the food was mixed with a BagMixer 100 (Interscience, Paris, France). S. Enteritidis SE3 was then inoculated into every sample of only one group to obtain a final concentration of about 10 5 CFU/g. All the 50-g food samples were further divided into 10-g portions, which were tightly packaged in sampling bags (Interscience, Paris, France) separately and incubated for 5 d at 4
C. Food samples containing only basil oil and ones containing only S. Enteritidis SE3 were used as controls. During the 5-d incubation period, a 10-g food portion was taken daily from each group under the various treatments and subjected to bacterial isolation. Each sample taken was transferred to a sterile Stomacher bag, and 10 ml of phosphate buffer (pH 7) was added to the bag. After homogenization in a Stomacher apparatus for 30 s, only the liquid part of the homogenate was collected, and this was serially diluted with phosphate buffer. Appropriate dilutions of each sample were spread on CHROMagar Salmonella agar (CHROMagar, Paris, France), a selective medium for Salmonella. Bacterial colonies grown on the agar were confirmed to be S. Enteritidis by the method described above. The numbers of bacterial cells grown on CHROMagar Salmonella agar were used to calculate the concentration of the bacteria in food. This experiment was performed in triplicate. The steps involved in the examination of the antimicrobial activity of basil oil against S. Enteritidis SE3 in the nham are summarized in Fig. 1 .
Sensory evaluation. Nham samples (10 g each) were treated with basil oil at concentrations of 0 (control), 100, and 150 ppm. The samples were stored for 5 d at 4 C prior to evaluation. To determine whether the addition of basil oil to nham influenced consumer liking for the food, 20 panelists evaluated the food on a 9-point hedonic scale for overall liking of the food and liking of the appearance, aroma, flavor, and texture individually. FIZZ sensory analysis software (Biosystems, Couternon, France) was used for data analysis. Data were analyzed by ANOVA with sample and panelists as factors in the model. Tukey's test (p < 0:05) was used for mean separation.
Results
Using the swab paper disc method for examination of the antimicrobial activity of nine different essential oils against reference and clinical strains of S. Enteritidis, it was found that all of the oils inhibited the bacterial strains, with various degrees of inhibition. Based on sizes of the inhibition zone, basil oil had the highest antimicrobial activity of any tested bacterial strain (Table 2) . Among all of the tested bacteria, S. Enteritidis SE3 was the most sensitive strain to all of the essential oils ( Table 2) .
Determination of the MICs of the essential oils for inhibition of the reference and clinical strains of S. Enteritidis was also performed. The results are shown in Table 3 . The results of the swab paper disc method ( Table 2 ) and those of the MIC determination assay (Table 3 ) were in agreement. Of all the tested oils, basil oil had the lowest MIC values for all strains of S. Enteritidis, indicating the strongest antimicrobial activities. The lowest MIC value (20 mg/ml) was obtained when S. Enteritidis SE3 was inhibited by basil oil. Since S. Enteritidis SE3 was the most sensitive strain to basil oil, it was selected for further experiments.
Being the most effective essential oil in inhibiting S. Enteritidis, the chemical composition of basil oil was investigated. Based on GC and GC-MS analysis of basil oil, 40 components were identified, representing 98.46% of the total detected constituents. The major constituents of the oil were linalool (64.35%), 1,8-cineole (12.28%), eugenol (3.21%), germacrene D (2.07%), -terpineol (1.64%), and -cymene (1.03%). Other chemical compounds were present in amounts, less than 1.0%. The major components and their retention times are summarized in Table 4 . When basil oil was added to nham experimentally inoculated with S. Enteritidis SE3 and stored at 4 C for 5 d, the response of the bacterial strain varied depending on the concentration of basil oil added. Without basil oil, the number of S. Enteritidis SE3 remained stable, at about 5 log cfu/g throughout the experiment (Fig. 2) . In nham with 50 ppm of basil oil, the number of bacteria fell rapidly in the first 3 d of storage, from about 5 log cfu/g to 2 log cfu/g. After that, no change in bacterial cell number was observed (Fig. 2 ). An unmeasurable cell number ( 10 cfu/g or 1 log cfu/g) of S. Enteritidis SE3 was obtained in the nham samples treated with basil oil at concentrations of 100 and 150 ppm after 3 and 2 d of the storage respectively. No S. Enteritidis SE3 cells were initially detected in the food samples, and viable counts remained undetectable throughout the experiments (Fig. 2) . Basil oil at a concentration of 100 ppm also resulted in an undetectable count ( 10 cfu/g or 1 log cfu/g) of the rest of the tested strains of S. Enteritidis (ATCC 10708, SE1, SE2, SE4, and SE5) in the nham after 3 d of storage (data not shown). The effects of basil oil added to nham samples on overall liking, appearance, aroma, flavor, and texture were investigated. The results of analysis of variance showed that there were no significant differences (p < 0:05) among the three samples (with 0, 100, and 150 ppm of basil oil) for hedonic scores for appearance and texture. The means of all of these attributes fell between like slightly and like moderately on the hedonic scale (Table 5 ). However, there were significant differences (p < 0:05) among the three samples for overall liking, liking of aroma, and liking of flavor. The control (0 ppm of basil oil) had the same liking level for overall, aroma and flavor as that of the nham sample with 100 ppm of basil oil. Based on the same attributes, both the control and the sample with 100 ppm of basil oil were liked more than the sample with 150 ppm of basil oil ( Table 5 ). The mean scores for aroma and flavor of the samples with 150 ppm of basil oil were close to the neither like nor dislike point on the scale, while that of overall liking was on a level between dislike slightly and neither like nor dislike. These results suggest that the addition of 100 ppm of basil oil to nham would be acceptable to consumers.
Discussion
Basil (Ocimum basilicum) is an annual, aromatic, branched herb, 30 to 150 cm high. Traditionally, it is used for medicinal purposes as a digestive stimulant and for treatment of headaches, coughs, diarrhea, insomna, constipation, warts, wounds, and kidney malfunction. 16, 17) Basil leaf oil is used principally in the food and cosmetic industries.
17) It has wide applications as a spice in a variety of foods, beverages, and confectionary products. It also possesses antimicrobial activity, and some of its components such as, linalool, 1,8-cineole, euglenol, estragole, and camphor, are known to be biologically active. 18, 19) The major components of basil oil vary extensively, depending on genetic factors, geographical origins, nutritional status, the extracted plant materials (stem, leaf, and flower), extraction methods, and so on. 20) Basil oil is traditionally classified into four distinct chemotypes with many subtypes, based on the biosynthetic pathways that produce the principal components in the oil. The different chemotypes contain various proportions of allyl-phenol derivatives, inclung estragole (methylchavicol), eugenol, and methyl eugenol, as well as linalool, a monoterpene alcohol. [21] [22] [23] Because of the variation in the chemical composition of basil oil, it is of interest to investigate the components of the basil oil used in this study. Our results showed that the oil contained major compounds, linalool (64.35%), 1,8-cineole (12.28%), eugenol (3.21%), germacrene D (2.07%), -terpineol (1.64%), and -cymene (1.03%). These findings are different from those of Simon et al. 21) and Lawrence et al., 24) who found that Thai basil oil was rich in methyl eugenol. Differences in the chemical composition of basil oil of the same geographical origin are not unusual. A similar situation was found for Turkish basil oil. Simon et al. classified chemotaxonomically Turkish basil oils into different groups, linalool-rich and linalool-and-methylchavicol rich groups. 21) Furthermore, Chalchat and Ozcan reported that the oil of Turkish basil was rich in estragole but had very low amounts of linalool. 25) Considering the large number of different groups of chemical compounds present in essential oils, it is most likely that their antimicrobial activity is not attributable to one specific mechanism and that there are several targets in the cells. 7) Several possible antimicrobial mechanisms of essential oils and their components have been proposed, including degradation of the cell wall, 26) damage to the cytoplasmic membrane, 27) damage to membrane proteins, 28) leakage of cell contents, 26) coag- ulation of cytoplasm, 29) and depletion of proton motive force. 30) Therefore, to understand the precise mode of action and antimicrobial activity of a particular essential oil, a knowledge of its chemical compositions is required. Among the major components found in the basil oil used in this study, all, except for -cymene, have been reported to have antimicrobial activity. 4, 7) Furthermore, we also found that they inhibited all strains of S. Enteritidis tested in this study (data not shown). Hence, to use basil oil as a natural agent to improve food safety is to take advantage of all the active compounds present in the oil. Even though -cymene did not have antimicrobial activity, it may support or enhance the activity of other antimicrobial compounds in basil oil. Delgado et al. reported that -cymene increased the antimicrobial activity of thymol in controlling the growth of Bacillus cereus both in vitro and in food. 31) Examination of the synergistic effect between -cymene and the other major compounds found in the basil oil of this study both in vitro and in food is an interesting issue that is under investigation in our laboratory.
The results obtained from studies in vitro and in food of the antimicrobial activity of a substance against particular bacteria can be different. Rajkovic et al. reported that carvacrol, which inhibited the growth of Bacillus cereus and Bacillus circulans in nutrient broth, failed to exhibit any antimicrobial properties when used in potato puree. 32) Interference in the antimicrobial potency of chitosan hydrolysates by food matrices, juice and dip, was also observed. 33) For these reasons, it is necessary to evaluate the antimicrobial activity of basil oil in food. In this study, nham was used as the food model to evaluate the inhibitory effect of basil oil on S. Enteritidis SE3. Basil oil was found to inhibit S. Enteritidis SE3 experimentally inoculated into nham in a dose-dependent pattern. The concentrations of the oil used to inhibit the growth of S. Enteritidis SE3 in the in vitro (20 mg/ml or 20 ppm) and the food (100 and 150 ppm) experiments were substantially different. The ratio of the inhibitory concentrations was about 5-to 7.5-fold. These results are similar to those obtained in studies of the antimicrobial activity of many essential oils against bacteria in vitro and in foods. For essential oils exhibiting antimicrobial activity in vitro, it has generally been found that higher concentrations of the oils are needed to achieve the same effects in foods.
7 ) The ratio has been recorded to range from 100-fold (in soft cheese) to 10-fold (in pork liver sausage). Although the causes of this phenomenon are still unknown, several explanations have been offered. The food matrices might serve as barriers protecting bacterial cells from inhibitory substances. In addition, the greater availability of nutrients in foods as compared to laboratory media enable bacteria to repair damaged cells faster. Both the intrinsic properties of food (water content, protein content, pH, salt, and other additives) and extrinsic factors (temperature, the characteristics of the microorganisms) have been found to be relevant in this respect. 7) Based on its antimicrobial activity against S. Enteritidis both in vitro and in a food model and acceptance by consumers when applied in food, basil oil is a candidate for a food preservative.
